This paper presents a novel unipolar magnetic encoder and a new Vector control method of AC servo which can enable the feedback of the rotor position with high accuracy in high speed occasion. The signal generator of encoder consists of three pairs of semiconductor hall elements and a rotor of alnico magnet with one pair of poles. This encoder is featured with the operation module and the communication module to transmit an angular data in the form of asynchronous serial transfer protocol. Besides, a delay compensation algorithm is proposed to ensure the accurate estimation of instant angular position and the estimation error is also analyzed. At last, an experimental apparatus was built for a 600W, 4 pairs of pole, at rated speed 20,000min -1 , permanent-magnet synchronous motor drive and the proposed vector control scheme has been implemented. The experiment results supported the validity of the proposed magnetic encoder and vector control method for high-speed AC servo control within 0.05 % error of revolving speed.
Introduction
High-speed motors have been applied extensively in industrial and military fields. For high-speed load, gear reduction mechanism can be spared and mechanical vibration and noise can be avoided by directly using high-speed motor, which will minimize the equipment bulk and improve the operating efficiency and precision (1) . Currently, there are two major methods for high-speed motor drive: frequency control and sensorless direct torque control, meanwhile high precision servo control of high-speed motor develops slowly, for which the most important reason is that the rotor position detection is very difficult in high speed scenarios (2, 3) .
Rotor position detection is one of the most important requirements for the development of high-speed motor servo control. There are two methods to detect the rotor position: one is sensorless methods, such as the approximation algorithm method based on state observer; the other is detection with position sensor, such as optical encoder and inductosyn, etc. At present, sensorless vector control is popular in the servo control field because it has advantages in improving the system reliability and high-speed control performance. So far, sensorless vector control itself isn't able to realize the start process and other basic operation, so it can't achieve the accurate control in such a wide speed range from 0 to the rated speed (3, 4) , and can't be used for accurate position control (5) . For the method of control with position sensor, the sensor structure and response time restrict its application in high-speed scenario. Take optical encoder as an example: for high precision servo system, the resolution of encoder should reach 14bit~16bit. If the revolving speed is 10,000 min -1 , the feedback pulse frequency of the photosensitive element must reach 2.7306~10.923 MHz. However, the photosensitive element with such high response frequency is extraordinary expensive and even exceed the manufacturing ability. Furthermore, the communication of optical encoder is in real-time position feedback mode, in high-speed scenario, the reliability of the communication is hard to guarantee if the frequency of the feedback signals is too high (6) .
So the fine servo precision and the high speed are incompatible with each other and can not be achieved at the same time. In this study, a single pole pair magnetic encoder has been developed. The encoder can transmit rotor position feedback signals at 16bit resolution, and its timing delay mode for the position feedback and the absolute angle transmission with synchronous serial interface guarantee the reliability of the communication. Furthermore, the compensation method for the delay of the position feedback based on the encoder and vector control method for high-speed PMSM is proposed in this paper. The experimental result confirmed the validity of the proposed method. 
Requirements
The encoder needs to meet the following requirements in high speed vector control:
(1) The encoder should be able to detect and output the rotor angle information normally at high speed. Real-time position feedback mode of optical encoder is not allowed in this case.
(2) The revolving part should have small inertia, high material intensity and high lubricant endurance. To avoid the friction in high speed scenario, it is better that there is no contact between stators and rotors.
(3) The motor should be able to be fixed accurately, which requires high resolution and high precision of the encoder.
Structure and signal
Based on the above requirements, the structure of the magnetic encoder proposed in this paper is shown in Fig.1 . The encoder includes two major parts: signal generator and signal processor. According to the magnetic principle, the signal generator can produce multiphase voltage signals which reflect the direction of magnetic field revolving with the motor axis. By using signal processor, the absolute position of the axis can be obtained by analyzing the voltage signals according to the corresponding relation between the multiphase voltage signals and the magnetic field direction. The position information of motor axis will be transmitted to the control system by the synchronous serial interface when the control system triggers the communication.
Principle and signal processing of encoder
The signal processor of single pole pair magnetic encoder is shown in Fig.2 : it mainly includes permanent magnet and magnetic sensing element. The permanent magnet which is made of ferromagnetic material has only one pair of poles, and it is fixed at the end of the motor axis; the magnetic sensing elements made of semiconductor hall element is fixed at the back of the motor and has no contact with the permanent magnet. By this kinematic pair between rotor and stator, the hall sensor and permanent magnet of the encoder can move separately. The magnetic field changes with the cycle of the revolving permanent magnet and each group of the magnetic sensing elements output a voltage signal in the cycle, by which the position of the permanent magnet (rotor position of the motor) is uniquely related with the voltage signals output by the magnetic sensing elements. Compared with the optical encoder which sense several signal cycles in one rotation cycle, in the same bandwidth, the work mode proposed in this paper will be more effective in obtaining the position feedback of the rotor in high speed motor. The signal processing algorithm based on data sheet searching method is used to improve the computing speed and its accuracy. By using the encoder adjust system, a data sheet which reflects the corresponding relationship between the revolving angle of encoder's rotor (the angle of magnetic field) and the 3-phase voltage signals (output by magnetic sensing elements) of the encoder's stator is calculated and stored into the memory. When the encoder works, an absolute angle corresponding with the 3-phase voltage signals generated in the encoder can be obtained by searching the data sheet stored in the memory.
Compared with the arc-tangent processing method used by other single pole pair magnetic encoder (7) , the processing algorithm based on data sheet-searching simplifies the operation and greatly improves the signal processing speed. In the practical application, firstly, the alnico (rotor) and the six magnetic sensing elements (stator) are fixed onto the motor; then the data sheet should be established by adjusting the system. By doing this, the adverse influence of the machining and assembly accuracy on the encoder's precision can be avoided effectively.
The magnetic encoder proposed in the paper has low demands for the machine precision and the linearity of the magnetic field and analog signals, and the precision of the encoder can be greatly improved by improving the signal quality and the adjust system.
Operation scheduling and delay time
Unlike the ordinary optical encoders, the encoder proposed in this paper does not transmit the detected angular data instantly. Instead, detected angular data is transmitted in the form of passive timing asynchronous serial communication. The communication mode is shown in Fig.4 . The angular data is transmitted by using synchronous serial interface in the form of full-duplex communication protocol between the encoder and the servo control system.
Fig.4 Synchronous serial communication
In Fig.4 , the master unit is the servo control system; the angular feedback data transmitted to the master communication port is a sampled angle value. When the motor runs at a high speed, the delay of the rotor's positional signal will be caused inevitably. If the angular feedback data is used in vector control instead of the real time angle, the current vector will badly depart from the correct direction, which may lead to the control invalidation. So the delay must be compensated. To calculate the delay time, the working scheduling of the encoder must be analyzed in the first place.
The working scheduling of the encoder is shown in Fig.5 . At the beginning of the cycle n, the controller communicates with the encoder and receives the angle n feedback which is θ* n. When the communication cycle finishes, the calculating value θ n-1 of the previous cycle will be given to the θ* n+1 which is transmitted as the next cycle's angle value. Then the controller executes the sample calculation of the cycle n to get the angle θ n which will be given to the communication value θ* n+2 of the cycle n+2 when the communication of the cycle n+1 has finished. That means the angle feedback θ* n+2 of the cycle n+2 is the sample calculating value θ n of the cycle n, namely θ* n+2 =θ n. The angular feedback delay is the time from the beginning of the calculation of θ n in cycle n to that of the cycle n+2.
Fig.5 Encoder working scheduling
In Fig.5 , the cycle of the system including sampling cycle and control cycle is T s. If it is supposed that the communication time is t c, and the interrupt time of evaluation and sampling is t e , then the sampling process begins after t c +t e in each cycle. So the delay time of the sampling angle is 2T s -(t c +t e ). Here, if κT s is noted as this delay time, the following Eqs. (1) and (2) 
Vector control for high-speed motor

Model of PMSM
In the d-q coordinate, the stator current vector i is disassembled into two perpendicular and independent vectors: excitation current vector i d and torsion current vector i q , which can be modulated separately. The coordinate is shown in Fig.6 .
Fig.6 Space vector coordinate transformation
Supposing that the following statements for PMSM are reasonable: (1) The 3-phases of the motor are completely symmetrical, there is no tooth space effect, and the air gap magnetomotive force is distributed with sine wave form;
(2) Iron core whirlpool, saturation and hysteresis loss can be ignored; (3) The influence of leakage flux and reluctance torque can be ignored; (4) The material of the rotor is permanent magnet and the magnetic flux linkage is a constant Ψ f which is distributed in sine wave form.
Working in the low saturation area, the inductances of the d-axes and q-axes of high-speed PMSM is approximately equivalent, so the mathematics model of high-speed PMSM can express as follows:
Where u q and u d are the voltage of the q-axis and d-axis respectively; i q and i d are the current of the q-axis and d-axis respectively; p is the pole amount, Ψ f is the flux linkage generated by permanent magnet.
The motor torsion equation is expressed as follows:
If i d =0, the torsion will only related to the torsion current i q :
By using the vector control method of decoupling control for the excitation current and torsion current, the PMSM has the same running performance as the DC motor (8, 9) .
Analysis of control process
The control process is shown in Fig.7 . By applying Clark transformation and Park transformation to the 3-phase current feedback, the current feedback value i d and i q can be obtained. And then, the d-q axes voltage u d and u q can be obtained by PI regulator. Finally, the 3-phase voltage instruction signals u u ，u v ，u w can be obtained by using Inverse-Clark transformation and Inverse-Park transformation to the d-q axes voltage u d and u q . The trigger signal of 3-phase bridge circuit obtained by using PWM drive the power switch to provide the motor with electricity and the generated torsion drives the motor running. Figure 8 shows the typical scheduling of the current sampling, calculating and PWM output. The sampling of feedback current is synchronous to the control frequency, and it starts at the beginning of each control cycle. Because discrete control algorithm is introduced, the output of PWM will have one cycle delay and will be valid just between t+T s and t+2T s . In the quiescence coordinate, the stator voltage vector between t+T s and t+2T s can be expressed as follows:
. Comparing Eqs. (7) and (8), it is clear that there is a certain proportional error between the actual voltage output and the ideal one, and the error is shown below: 
The above equation shows that the voltage has an gradual attenuation and phase delay of 1.5 sample cycles. When the frequency of PWM has been decided and the motor runs at a high speed, the ratio of PWM frequency and output voltage basic frequency is small, while the phase delay is large. If the phase delay would not be compensated, the control delay will lead to bad dynamic response and system instability.
If the phase delay is not very large, the extent attenuation will be small. Phase advance can be used to compensate the influence of the control delay, namely the revolving vector operator 
Error compensation of angular delay
During the process of the vector control of the motor, the precision of the angle used in the vector transformation directly decides the control precision, and the theory angle of the current vector transformation is the rotor angle at the moment of the current feedback sample.
Current feedback sampling starts at the beginning of the control cycle. According to the working scheduling of the encoder, the delay of the angle feedback received by control system is κT s . Supposing that the motor runs at a symmetrical speed ω, the angle compensation can be expressed as follows:
When the motor runs at a symmetrical speed, the precise angle used in the current vector transformation is the feedback angle compensated by c θ .
Error compensation
Equation (11) is given under the condition that the motor runs at a symmetrical speed ω, so there will be error if the motor runs at a state of acceleration or deceleration. This error is analyzed in the following.
Because the delay time of the angle is very short, so the change of the acceleration can be ignored. Supposing that the angle acceleration is α in Eq.(11), the rotor speed ω is an average speed of a cycle before the angle sample. So the instantaneous speed at the moment of the encoder sampling is ω+α (T s /2), and the angle compensation after κT s is expressed as follows:
( ) 
By comparing the Eqs. (11) and (12), the compensation error of Eq.(11) can be expressed as follows: 
In the experimental system proposed in the paper, the sample control cycle T s is 50µs; the communication time t c is 8µs; the interrupt time (from the end of communication to the beginning of the sample calculation) t e is 2µs. By implementing the time parameter into the Eq.(2), κ becomes 1.8, and then Eq.(14) can be obtained. 
According to Eq.(14), the relation of the compensation error and acceleration is showed in Fig.9 . Supposing the supreme acceleration situation that the motor accelerates from 0 to 100,000min -1 in 0.1s, which means the acceleration α is 1.047×10 5 rad/s 2 . According to Eq.(11), the position error ε c after compensation is 6.597×10 -4 rad (0.0378°), which influences the control calculation lightly and can be ignored. So the delay compensation can be calculated by Eq.(11) and the influence of acceleration can be ignored. 
Experimental results
The bandwidth of the hall sensor used by the single pole pair magnetic encoder designed in this paper is 200 kHz. Considering the influence of the phase delay, the analog signals within 10 kHz can be regarded as free of distortion, which means the working speed of the encoder can reach 600,000 min -1 . The encoder is shown in Fig.10 . As the accuracy of the encoder had been mentioned in the reference (10), the encoder can output 16-bit absolute angle value, and the position accuracy of 14-bit (360°/2 14 ) can be achieved.
Because the design of a super high-speed motor is very difficult, in this paper, a 4-pole motor with rated speed of 20,000 min -1 and rated power of 600 W is designed to validate the control method. The test bench includes four parts: the control system, oscillograph, speed indicator and a high-speed PMSM with encoder. The test bench is shown in Fig.11 .
Fig.11 Test bench
Under the condition of empty load, when the speed instruction increased from 0 to 15,000 min -1 and 20,000 min -1 , the current wave curves of single phase at 15,000 min -1 and 20,000 min -1 are shown in Fig.12 (a) and (b). In Fig. 12 (a) and (b), the current wave curves are shown by two resolutions: in the upper window and the lower window, and the resolution is 500 ms/div and 1ms/div respectively. As shown in these figures, the frequency of the current is four times as that of the speed and the extent is symmetrical, which perfectly meets the expected control performance.
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Conclusion
A vector control method for high-speed motor by using single pole pair magnetic encoder is proposed in this paper. The encoder triggers the sampling by communication and transmits the angle through synchronous serial communication, and the precision of it meets the demand of the vector control. The control system receives the absolute rotor position by communication and compensates the position feedback error caused by signal delay. After obtaining the accurate angle position of the rotor, the vector control can be operated for the high-speed PMSM. Extensive experiment studies were carried out to support the theoretical analysis given in the paper. The analysis and the experimental result validates the effectiveness of the encoder and shows that this method is effective for high speed servo motor control.
